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ABSTMCT

The applicationof low lossmultimodeopticalfibers to nucleardiagnostics
has bem discussedin previouspapers.1-3 Fiber requirementsfor this application
differsubstantiallyfrom those for normalcommunicationsuse. ‘l?.eemphasisfor
nuclearmeasur~ment~;$~:+sbeen on development.of high frequencyanalog fibmroptic
transmissionline syrt’ms,which range from 100 MHz to >500 MHz signalstransmitted
at 600 nm and 800 n , respectively.Accordingly,specializedfiber characterizat-
ion proceduresover ~ wide spectralrangehave been developed. These techniques
Ancludemeasurementof materialand modal dispersion,opticalattenuation,and
opticallinearity. It is also importantto know the promptradiationresponseof
opticalfibarsin nucleardiagnostics. hfcasurementsof this type have:hem dis-
cussedin previouspapers.4~5

.
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INTRODUCTION

Optical
emphasizehigh

P.B. Lyon=
Los Alamos ScientificLaborator/

/

fiber recordingsystemsde-~elopedfor nucleardiagnostics
frequencyanalogtransmission, Systemstypicallyincludea.

radiation-to-lightconverter,opticalfiber ~ransmissionlink, detectorsuch
as photomultipliertube (PMT)or microchannelplate (MCP),and oscilloscopes.
Past and presentsourcesof radiation-inducedlightincludebroadbandfluors6
thathave maximumfiber-PNTsystemssensiti~~ityat 600 nm, and Cerenkovemit.
terswith a maximumfiber-MCP~etectorsystemsensitivityat 600 nm. Another
systcmutilizesa dye lasercarrierthat is emittingat 640 nm and is modulated
by a radiatior.-drivenopticalmodulator, Tlie var~etyof wavelengthsused,
theirunconventionalspectrallocations,and the frequencyresponsercqt~ired
of the fibershave forceddevelopmentof specializedcharacterizationprocedures,

Measurementof dispersionin a fiberis necessaryfor severfllreasons.
Modal dispersion,for example,is the ultimatebandwidth-limitingpropertyof a
fiber. Mater+aldispersionmeasurementis also necessary. A high bandwjdthsys-
tem utilizinga broadbandlightsourcemust use cpticalfiltrationto minimize
pulsebroadening. The nec ssaryfiltercharacteristicsare dictatedby the
degreeof materialdispersionand the systembandwidthspecification.Furthor,
it is necessaryto know opticalfiber transittimes accuratelyfor trimmingand
timingpurposes, Transittimes conventionallymeasuredby opticaltime domain
aeiioctontotersare at 600 nm to ti60nm wavele~gths,for instance,while transit
times ??e longerat the shorterwavelengthsof intere;t. We will describe
techniqueswe have developedior evtiluatingdispersion,

With the va?iotyof fiberspresentlyavailablefrom differentmanufacturers,
itis necwsary t? measureopticalattenuationin a fiberfor systemdesign and,

●This work was performedunder the auspicesof the U.S. Departmentof Energy
under ContrautNo. DE-AC08-76NVQi183.NOIE: By acceptanceof this article,
the publisherand/orrecipientacknowledgesthe U.S. Gt)vernment$sright to
retains nonexclusiveroyalty-freeIicc:lsein and to any copyrightcovoring
this paper.

Referenceto a companyor productname does not implyapprovalor recommenda-
tion of the productby tho U.S. Departmentof Iinergyto the exclusionof
othersthat may bo suitable,
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duringsystemdevelopmentand installation,to
lengthand system losses. We will discusstwo
measurements.

determinethe best workingwave-
techniquesfor makingattenuation

SystemsUsiiig a modest-powerdye laserto supplya lightpulse for modula-
tionmust considerfiber linearity. Measurementsof opticallinearityhave
previouslybeen reported.7 We will brieflydescribethe measurementsystemand
results.

MODALAND MATERIALDISPERSION

Measurementof materialand modal dispersionis developed
of a spectrallybroad 50-psecCerenkovlightpulse launchednear

aroundanalysis
one end of a

test fiber. The lightpulses are generatedby the DOE/EG&Gelectronlinear
accelerator(linac)which deliversa 50-psecburst of elcc<ronsat energiesto
27 MeV, currentdensitiesto 100A/cm2, and repetitionrates to 360 pps. A
schem~ticdiagramof this systemis presentedin Figure 1.

After traversingthe fiber,the emergingCerenkovpulse is passedthrough
selectablenarrowband opticalfiltersand detectedeitherby a statically
focusedcross~d-fieldPMT with a cooled InGaAsPphotocathodeor, in caseswhere
more limitedspectralrange is tolerable,an MCP detector. The outputis then
fed to the remotehead of a samplingoscilloscopeand displayed, Resolutionof
the system (*250psec) is sufficientin most cases to measureto the modal
dispersionlimit for fiber lengthsof interest. Fibersas long as 1.2 km have
been measured. In fiberswhich demonstratea permanentinducedradiakionabsorp-
tion, the Cerenkovpulse is generatedin a shortauxiliaryradiation-resjstant
fiber,such as plasticclad silica (PCS),attachedto the test fiber.

Manufacturersaesignfibersto have highestfrequencyresponsearound
availablesourcesand detectors,usuallybetween800 and 900 nm where fibersarc
generallyused commercially.The optimumindexprofilefor high trequencyre-
sponsein a fiber at 900 nm is a poor indexprofilefor g systemoperatingat
600 run, This is illustratedby measurementsof modal disp~rsionmade on the
linacwith the previouslydesnribedsystem. The resultsare given in Figure2.
Measurementswere made throughthree graded-index(GI)fibers1 km longusinc a
l-rim-widespectralfilterand detectedwith an MCP detector. (!nlythe material
dispersiondue to the filterspectralwidth has been unfolded. Full widt~~at
half maximum (FWHM)of the systemresponsawas 358 psec. .

The figureshows the pronouncedincreasein pulsebroadeningthat dccurs
●t the nhorterwavelengthsfor fiber’,optimizedin indexgradientfor near-IR
trmsmi.!sion.

Modal dispersionat 600 nm is also measureflwith a mode-lockedargon i~n-
pumpeddye laser. The dy~ pulsewidth is 3 psec and its spectwl width is 1 nm.
A Pockelscell gates out singlepulsesfrom the modelockedcw pulse train. The
pulse is launchedinto the opticalfiberand detectedby cn ITT 100-psecrcsponso
photodiode. l’heoutput is then fed to the remotehead of a samplingoscillo-
scope and displayed. Resolutioncf the systemthrough1 km uf fiber is linljtcd
by materialdispersionto abaut 270 psec and througha short lengthis datector-
limitedto about 100 psec.

●
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Materialdispersionas a functionof wavelengthis measuredby notingthe
arrivaltime of variouspulseswith differentcentralwavelengths.8 Figure3 is
an exampleof an unfilteredCerenkov/fiber/detectorspectrummeasuredwith the
previouslydescribedlinacsystem. The OH radicalabsorptionbands at 72S, 825,
87S, and 950 nm are clearlydemonstratedalongwith the nonlinearscalerelation.
ship betweenwavelengthsand time due to materialdispersion.

The materialdispersion(At/lAA)in:

where
t = time per channel

Ach = numberof channelsbetweenknownwavelengths

W = differencebetweenknownwavelengths

I = fiber length

Theoreticaldispersioncurveshave a!so been calcul~ted.9 A three-element
Sellmeierexpressionwas employedusing coefficientspublishedby Fleming10of
Bell Laboratories.All Corningfiberswe have n,~asuredagr~ewith the curve for
4.1% Ge02 in Si02. ITT fibershave shownan approachto that curve as time pro-
gressed(andthe bandwidthincreased),but they stillhave higher dispersionand
a slightlydifferentcurve shape. The good fit of the Corningdata to the theo-
reticalcurveperhapsindicatesthat the gradientof doping acrossthe fiber is
not enoughto make a significantch?ngein dispersion.

Our data are an excellentfit to a power law.throughoutour commonlyused
wavelengthrangeof 839 to 570 nm, which resultsfrom arrivaltime measurements
of Cerenkovlightpulses ~ith filtersat 60 to 70 nm intervalsbetween540 and
877 run, The detectorsensitivitylimitedus to this region in this measurement.

Table i sets forthour best data set; i.e.,the points iall on a smooth
curvewith almostno scatter.

The error introducedby use of the 60- or 70-nmwavelengthintervalis
negligiblefor the theoreticalcurves.

D~al is from the best fit power law: ..

Cal [psec-nm-l-D’ km-l) SI2.194 ~ @ ~-3,543

TCal is obtainedfrom the integraltimes*he lengthin km:

.
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It is not practicalto get the power law from the arrivaltimes directly
becausethere is an additiveconstant,namely the transittime at 877 nm, which
is imperfectlyknown.

Figure4 comparesCorningfiberwith a high-dispersionITT fiber. Between
630 and 840 nm the points for the I’17’fiber lie on a power law curve that is very
similarto that of Si02 + 13.S%Ge02, but the two pointsat 919 and 1010 nm are
significantlybelow the valuescalculated,which are in turn below the power law
derivedfrom the shorterwavelengths.

A more recentCerenkovlightdispersionmeasurementwas made on the linac
in conjunctionwith Corningpersonnel. The fiberwas a specialtype, and a Gc
avalanchephotodiodedetectorwas used to extendthe spectralrange to 1S00 nm.
The dispersiondata are shown in Figure5 to describethe smoothdispersioncurve
anticipatedfor this fiber.

A’fTENUATION

Two ~echniquesfor determiningfiberattenuationhave been developedand
used. A fiber analyzerinstrumentof the time domainreflectometertype has been
developedwhich providesa singlewavelengthdeterminationof averageattenuation
in the regionof 8S0 nm.ll The analyzeruses an injectionlaseras a probe pulse
sourceand utilizesthe back-scatteredlig’ltsignaturefrom the fiber fo: the
attenuationmeasurement,

.
Anotherattenuationmeasurementemploysa continuumdc optics!sourceand

an opticalmultichannelanalyrer(OMA)that operatesin the 250- to 880-nmregion.
The spectraldifferencein the lighttransmittedthroughtwo fiber lengthsis
obtaineddircctl;with Lhe OMA. An exampleof fiberattenuationin two graded-
index fibersand a PCS fiberover the regim 620 nm to 880 nm is shown in
Figure6.

OPTICALLINEARITY

A fl?sh-lamp-pumpeddye lase=,havingwavelengthof 595 nm, linewidthof
0.6 nml puls~ durationof 2 Usec, and peak power of 50 kW, was employedto
i..~estigatenonlinearcpticaltransmissiondue to stimulatedR?man scattering
generatedin a 510-m-longCorningmultimodestep-indexfiber.lz The first-order
forwardand backwardstimulatedStokesemissionsappearedas the peak injected
powersreached1.3 kW and 1,8 kW, indicatinga linearpower transmissionlimit
for this fitorof about 1 klieach. At a peak pump power of 16 kW, up to six
ordersof forwardStokesemissionand four ordersof backwardStokesemission
wene obsarved,and the inputwavelengthcomponentwas severelydepletedexcept
the leadingand trailingedges. In contrast,all fo:’rordersof backwardStokes

~ emissionwere observedsimultaneomly. They were temporallyseparated,higher-
order pulsesfollowinglower-ordnron~s, t,ndwere all considerablysteepened.
These data are shown in Figure7.

“5-

A 10-psecpulse switchedout from the same dye laser,which was passively
modelocked,was also used to study the stimulatedRaman scatteringand self-phase

* modulationin a 19-m-longmultimodegraded-indexfiber, A continuumof over
200 nm wide was observed,as shown in Figure8.

.
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SUMMARY

Sy5tems
S00 to 1S00 nm
techniques.
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Table 1. BareCwning i130525103578 m, 81.49psec/channel

. {

A (m) Channel L)m(psec-nm-l-h-J DcaT (psec-~”l-km-l) Tm (nsec) Teal (nsec)

877 220 -- .-

859 96 96

.801 272 .- 4.24 4.2S

766 135 133

730 340 9.78 9.76

69S 15 183

660 432 17.28 17.40

630 26S 266“

600 S4S

S70 381

S40 707

3: ~
.

\ .
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FIGURECAPTIONS

\

1. Experimentalsetup for measurementof modal and materialdispersionin
opticalfibers.

2, Modal dispersionmeasurementsfor three fibers,

3. BroadbandCerenkovspectrumthrough1 km of fiber recordedwith a cross-
_ fieldPMT.

4. Comparisol~of materialdispersioncharacteristicbetweenCorningand ITI’
gradedin~exfiber.

S. Transmissiondelayversuswaveleng~hfor two specialCorningfibers.

6. Sampleof attenuationin one PCS and two graded-indexfibers. ‘

7. BackwardstimulatedRaman scatteringgenera!edby a flashlamppumpeddye
laserpulse in 510-m-longmultimodestep-indexfiber at a peak injected
powerof 15 kW. Top txace: Fresnelreelectionof t;]eincidentlaserpulse
from the entrancesurf..ceof the fiber;bottomtrace: backwardstiml:lated
Raman scattering. Three pulsesgeneratedsucccssively,arefirst-,second-,
and third-orderStokesemission,respectively.

.

8. 0!44 displayof continuumgeneratedby a picosecondmodelockeddye laser
pulse in a 19-m-longmultimodegradedindexfiber. Resolutionof OMA is
0.S5 rim/channel,and totalcoverageis 500 channels.
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